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Life cycle assessments reveal that carbon emissions of concrete
are mainly due to the production of Portland cement clinker [1,2].
For example, the production of cement is responsible for at least
75% of the carbon emissions of a concrete beam [3]. The production
of the main constituent of Portland cement, i.e. clinker, releases
from 0.6 to 1 ton of CO2 per ton of product [4]. A solution for
reducing carbon emissions of concrete structure is to reduce the
clinker content of concrete [5,6]. Habert et al. showed that a 50%
clinker substitution level is enough to meet ‘‘factor 2’’ objectives
of the Intergovernmental Panel on Climate Change, i.e. a reduction
by half of the CO2 emissions [7]. The use of commercially available
blended cements could be a solution but their mean substitution
rate of clinker by mineral additions remains rather low. A more
efﬁcient solution consists in substituting a signiﬁcant part of the
Portland cement by mineral additions, not during cement produc-
tion but during concrete production. It is well known that mineral
additions, such as ﬂy ash or blast-furnace slag, have binder activity
[8].
European standards on concrete actually limit the use of min-
eral additions as binder. The so-called EN 206-1 Standard on per-
formance, production and conformity of concrete deﬁnes several1exposure classes [9]. For example, the most current exposure clas-
ses, namely ‘‘XC’’ classes, correspond to the reinforced concrete
structures exposed to carbonation. For each exposure class, EN
206-1 Standard gives minimum binder content and maximum
mineral addition content. This mineral addition content refers to
mineral addition added during the mixing of concrete. If blended
cements containing the same addition are used, additions are con-
sidered as a part of cement content. It is assumed that these spec-
iﬁcations result in an appropriate durability.
In alternative to this prescriptive approach of the mix-design,
the EN 206-1 Standard allows also a performance-based approach.
A concrete mixture may be used even if it does not comply with
the prescriptive requirements, provided that equivalent perfor-
mance with a reference mixture has been proved. The reference
mixture has to comply with the EN 206-1 prescriptive requirement
for the relevant exposure class. This approach is based on the
equivalent performance concept [10,11]. The concrete perfor-
mance can be quantiﬁed using general durability indicators (such
as porosity or gas permeability) and speciﬁc durability tests corre-
sponding to the exposure class. For example, in the case of expo-
sure classes XC, the speciﬁc durability test is the accelerated
carbonation test [12].
This study is a part of a research program on low CO2 emissions
concrete. Its objective is to investigate the feasibility of such a con-
crete designed within the scope of performance-based approach. A
mix-design method of concrete with high substitution of cement
by mineral addition is presented. The method is based on the opti-
misation of the water-binder ratio with respect to early age
strength [13]. The contribution of mineral addition to strength
is classically taken into account with a coefﬁcient of activity
[14–17]. In the present study, the method was applied to design
mixtures with high substitution of cement by ﬂy ash. The designed
mixtures were assumed to be destined for structures only exposed
to carbonation (i.e. exposure class XC). The durability of the mix-
tures was characterised by general and speciﬁc durability indica-
tors, namely porosity and accelerated carbonation. The effects of
curing mode and oven-drying before accelerated carbonation tests
were also studied. Lastly, both performance-based approach and
durability indicators concept are discussed through the compari-
son between the designed mixtures and reference mixtures com-
plying with the prescriptive requirements from the Standard.2. Experimental program
Four concrete mixtures were designed to comply with com-
monly speciﬁed requirements for ready mix concrete, such as
slump and workability, early-age strength, 28-day compressive
strength. The mixtures contained increasing proportion of ﬂy ash
in binder, namely: 0% (RefI), 30% (RefII, FA30), and 50% (FA50).
The concrete samples underwent different curing and drying peri-
ods then they were exposed to accelerated and natural carbon-
ation. Other properties (porosity, Portlandite content, and water
saturation degree) were assessed to understand the inﬂuence of
the binder composition on the durability of concrete exposed to
carbonation.
2.1. Materials
The purpose of the experimental study is to apply a perfor-
mance-based approach of durability to the design of a concrete
mixture with 50% substitution of cement by ﬂy ash (FA50). The
performances of FA50 concrete mixture are compared to three ref-
erence concrete mixtures. The binder of the ﬁrst reference mixture
RefI is a Portland cement CEM I 52.5N type, the binder of the sec-
ond mixture RefII is a blended cement CEM II/B-V 32.5 R type (con-
taining 31% ﬂy ash), and the binder of the third mixture FA30
contains 70% Portland cement CEM I and 30% ﬂy ash.
The properties of the cementitious materials are given in
Table 1. Fly ash is low calcium ﬂy ash. The concrete mixtures were
prepared with locally available aggregates: a siliceous marine sand
(0/4 mm) and two crushed diorite gravels (6/10 and 10/14 mm). ATable 1
Chemical and physical analysis of cementitious materials.
Portland Cement CEM
I 52.5N
Blended cement CEM II-
BV 32.5 R
Fly
ash
Physical properties
Density 3.15 2.89 2.21
Blaine surface
(cm2/g)
3400 3247 –
Passing 45 lm
(%)
– – 70
Composition (%)
Clinker 95 69 0
Fly ash 0 22 100
Limestone 0 4 0
Chemical composition (%)
CaO 64.8 49.0 5.2
SiO2 20.5 27.4 55.3
Al2O3 4.5 9.0 25.2
Fe2O3 2.7 3.4 6.4
SO3 3.5 2.8 0.5
2polycarboxylate type superplasticizer and an air-entraining agent
were used to improve the workability.2.2. Experimental procedures
2.2.1. Curing and preconditioning of concrete samples
The inﬂuence of curing on the durability indicators was investi-
gated. Two conservation modes before the age of 28 days were
compared. After demoulding at 24 h, a ﬁrst set of 11  22 cm cyl-
inders was stored in a room at 20 C and RH between 50% and
70%. A second set of cylinders was cured under water. In the fol-
lowing sections, these two conservation modes are referred as
‘‘air-curing’’ and ‘‘water-curing’’, respectively.2.2.2. Assessment of general durability indicators
Water porosity was measured on three discs 11 cm in diameter
and 5 cm thick, obtained from sawing of 11  22 cm cylinders.
According to the AFPC-AFREM procedure, porosity was assessed
from water saturation under vacuum [18].
The compressive strength was measured on cylindrical speci-
mens, 11 cm in diameter and 22 cm in height, at the ages of 2, 7
and 28 days. The specimens were conserved in water before the
compressive test.
In order to assess Portlandite (CH) contents in the case of an
air-curing mode, TGA (thermo-gravimetric analysis) tests were
performed on pastes with the proportions W/C, FA/C (chemical
admixtures/cement mass ratios) used in the concrete mixtures.
At the age of 24 h, the pastes were broken in small pieces (of about
100 mg) and then conserved in a cell at 53.3% RH, relative humidity
imposed by a salt solution of magnesium nitrate. The amounts of
CH were measured at the age of 19 days. TGA was carried out in
an Argon atmosphere in order to determine the Portlandite content
of cement pastes. The heating rate was 10 C/min. The CH contents
expressed in kg per m3 of concrete were deduced from the CH con-
tent per volume of paste measured by TGA and from the paste frac-
tions of the concrete mixtures.
The water saturation degree of the samples (denoted Sl) after
the oven-drying, i.e. just before carbonation test, can be assessed
from the following equation:
Sl ¼ Vw/V t ¼
ðm qdV tÞ
qw/V t
ð1Þ
with VW and Vt the volumes of water and sample respectively, / the
porosity, m the mass of the sample after oven-drying, qW and qd the
mass density of water and totally dried concrete respectively. qd
was deduced from the porosity measurements.2.2.3. Performance-based evaluation of durability
The potential durability of concrete was assessed through two
tests, namely: water porosity and carbonation. Water porosity is
a general durability indicator. A more speciﬁc durability indicator
was investigated, namely the carbonation kinetics. They were as-
sessed by means of accelerated carbonation tests carried out at
20 ± 2 C and 65 ± 5% RH in a chamber ﬁlled with 50 ± 5% CO2.
The relative humidity of 65% is imposed by a saturated ammonium
nitrate solution. At the age of 28 days, 11  22 cm cylinders were
sawn into 10 cm high cylinders. The sawn sections of the discs
were sealed by adhesive aluminium in order to ensure radial CO2
penetration during carbonation tests. The discs were then dried
in a ventilated oven at 45 C. Two durations of this thermal treat-
ment before carbonation test were studied: 2.5 and 14 days. Note
that the duration of 14 days is from the French standard procedure
XP P18-458 [12]. After the carbonation test, the discs were split
and a pH indicator solution, i.e. phenolphthalein, was sprayed on
Table 2
NF EN 206-1 Standard speciﬁcations for the exposure classes XC (maximum gravel
diameter = 14 mm). The equivalent binder (Eq. binder) content is deﬁned as: C + kA
where k = 0.6 (standardised activity coefﬁcient for ﬂy ash) and A is the mass of ﬂy ash
such as A/(A + C) = 30%.
XC1 XC3
Minimum compressive strength (MPa) 20 25
Minimum Eq. binder content (kg/m3) 280 301
Maximum effective Water – Eq. binder ratio 0.65 0.60the obtained cross sections in order to determine a carbonation
depth after 7, 14, 21, 28, 42 and 120 days.
Another set of 11  22 cm cylinders was stored, after demoul-
ding at the age of 24 h, in a room at 20 C and RH between 50%
and 70%. These concrete specimens were used to assess carbon-
ation in natural conditions, i.e. with ambient concentration of
CO2. Carbonation depths were measured using phenolphthalein
spraying on split cylinders at the age of 1 year.Maximum A/(A + C) (%) 30 30
Table 3
Proportions (in kg/m3) and compressive strengths of the studied mixtures.
RefI RefII FA30 FA50⁄ FA50
Gravel 10/14 875 875 844 846 846
Gravel 6/10 211 211 204 205 205
Sand 0/4 855 855 824 827 827
CEM I 52.5N 301 0 241 190 190
CEM II-B V 32.5 R 0 321 0 0 0
Fly ash 0 0 100 190 190
Water 182 175 182 155 155
Superplasticizer 0 1.00 1.75 6.00 6.00
AEA 0 0 0 0 0.57
Equivalent binder content C + kA (kg/
m3)
301 321 301 239 239
W/(C + kA) 0.60 0.57 0.60 0.65 0.65
FA/(FA + C) (%) 0 0 30 50 50
W/C 0.60 0.54 0.76 0.82 0.82
W/(C + FA) 0.60 0.54 0.53 0.41 0.41
Volume of paste (l/m3) 280 286 305 302 302
Compressive strengths (MPa)
2 days 20.0 16.4 18.0 11.0 18.0
7 days 26.0 - 26.0 20.0 26.4
28 days 35.8 31.6 33.0 28.4 31.43. Mix-design of low CO2 emission concrete
3.1. Principle of the used mix-design method
Generally speaking, the mix-design problem consists in deter-
mining six unknowns, i.e. VG1, VG2, VS, VC, VFA, VW, volumes of 2
gravels, sand, cement, ﬂy ash and water, respectively, for a unit
concrete volume. The volume of chemical admixtures, such as
superplasticizer, is generally neglected. Since the volumetric
masses of the constituents are known, the problem can also be ex-
pressed in terms of masses, i.e. G1, G2, S, C, FA andW. If the volume
fraction of air is assumed to be equal to 2.5%, the following equa-
tions are used to solve the problem:
VG1 þ VG2 þ VS þ VC þ VFA þ VW ¼ 0:975 m3 ð2Þ
VG1=VG2 ¼ g ð3Þ
VG2=VS ¼ s ð4Þ
FA=ðFAþ CÞ ¼ x ð5Þ
with g and s the aggregates proportions and x the chosen ﬂy ash/
binder mass ratio.
A ﬁfth equation is given by a relation between the mass compo-
sition of the paste (cement, ﬂy ash, water) and the compressive
strength. In the case of mixtures with high substitution of cement,
the strength at early age may be low. Thus, the composition of
paste has to be determined with respect to the early age strength.
In the used method, this was done using the Bolomey relation [19],
as exposed more in details in [13]:
fc2d ¼ 0:5r C þ kFAW  0:5
 
ð6Þ
with fc2d the 2-day compressive strength, r a coefﬁcient propor-
tional to the cement activity, k the coefﬁcient of activity of ﬂy
ash. r and k are determined from compressive tests on mortars. A
2-day strength (fc2d) of at least 10 MPa was assumed to be enough
for early age demoulding, i.e. before 1 day. Note that such a crite-
rion on the 2-day strength was preferred to a criterion on strength
before 1 day, because the latter is more difﬁcult to measure.
A sixth equation is needed to complete the system. As discussed
below, the water content or the paste volume fraction can be ﬁxed.
3.2. Application to design high cement substitution concrete
The method was applied to design a mixture with FA/
(FA + C) = 50%, i.e. x = 0.5 in Eq. (5). It was assumed that the mix-
ture is intended to a reinforced structure exposed to corrosion
induced by carbonation. This corresponds to the exposure class de-
noted XC1 in the EN 206-1 Standard. It should be recalled that the
maximum FA/(FA + C) ratio allowed by the prescriptive approach
of the Standard is equal to 30% for this exposure XC1 (Table 2).
In Eqs. (3) and (4), the aggregates proportions g and s were cho-
sen equal to those of an existing mixture containing only Portland
cement, denoted RefI in Table 3.3In the Bolomey relation (Eq. (6)), r was taken equal to 24 MPa.
This value was determined from compressive tests on 2-day old
mortars made with the following volume fractions: sand = 5%,
water = 30% and cement = 15% (i.e. W/C = 0.6). The coefﬁcient of
activity of the ﬂy ash (k) was also determined from compressive
tests on mortars with the same volume fractions of sand, water
and powder and with FA/(FA + C) = 0.5. kwas obtained equal to 0.1.
To complete the system, the water content could be taken
equal to the water content of the existing mixture RefI (i.e.
W = 182 kg/m3). However, this would result in a high amount of
binder (C + FA = 440 kg/m3). The coefﬁcient of activity of ﬂy ash
is actually very low at early age and, according to the Bolomey
relation, a low water on binder ratio is required to obtain the
desired strength at 2 days. Secondly, the paste fraction could be
taken equal to that of RefI mixture (i.e. 278 l/m3). However, this
would result in a very low water content (E = 144 kg/m3), which
could compromise the concrete compaction. An intermediate
solution was chosen: W = 155 kg.
Finally, the superplasticizer content was adjusted to obtain a
slump higher than 150 mm.
Note that more sophisticated approaches to predict strength
from the cement and addition contents can be found in literature
[14].
Table 3 gives the composition of the mixture obtained by the
previous method, denoted FA50⁄. This mixture appeared to be very
viscous at the fresh state. This result points out a natural technical
barrier of the proposed mix-design method. The reduction in water
content used to guarantee early age strength leads to viscous mix-
ture, although the slump is high.
De Larrard et al. showed that the plastic viscosity of a concrete
mixture increases with the relative solid concentration, deﬁned as
the ratio between the volume fraction of the solid constituents in
Table 4
Data for estimation of CO2 emissions.
Emissions due to
production phase
(kg CO2 kg1)
Distances from
factory to ready mix
concrete plant (km)
Emissions due to
transport by road
(kg CO2 t1 km1)
Aggregates 0.01 200 0.08
CEM I 52.5 0.7 200
CEM II
32.5
0.5 200
Fly ash 0 1000
Table 5
CO2 emissions of concrete (kg/m3) due to production (Pr.) and transport (Tr.) of solid
raw materials.the mixture and its maximal possible value (i.e. the maximal pack-
ing density of the solid skeleton) [14,15]. The main parameter
governing the plastic viscosity is thus the water content. However,
in order to decrease the viscosity of the FA50⁄ mixture, another
solution was proposed: an air-entraining agent (AEA) was added.
Air-entraining agents are mainly used to increase the freeze–thaw
durability of concrete through the formation of air bubbles dis-
persed uniformly in the cement paste. But it generally results in
increased porosity and thus lower strength. Besides the effect on
air content, this type of chemical admixture is known to reduce
the viscosity. This side effect can be explained by the resulting
decrease in the volume fraction of the solid constituents. The mix-
ture with AEA, denoted FA50, was actually found more workable
than FA50⁄. The proportion of air of FA50 was measured equal to
about 5% by means of an aerometer.RefI RefII FA30 FA50
Pr. Tr. Pr. Tr. Pr. Tr. Pr. Tr.
Aggregates 19 31 19 31 19 30 19 30
Cement 211 5 155 4 169 4 133 3
Fly ash 0 0 0 0 0 8 0 15
Total 266 209 229 2003.3. Reference concrete mixtures
Two other mixtures were also designed (Table 3). The mixture
denoted FA30 was designed in accordance with the standard
speciﬁcations for the exposure class XC3, with the maximum ce-
ment substitution ratio, i.e. FA/(FA + C)=30%. The mixture denoted
RefII has almost the same proportions than RefI but the Portland
cement was substituted by a blended cement containing ﬂy ash
(CEM II/B-V type cement). Cement content and water content were
also a little increased and decreased respectively, in order to obtain
a 28-day strength higher than 25 MPa.
According to the equivalent performance concept, equivalent
performance has to be shown from the comparison with a refer-
ence concrete mixture. The reference concrete mixture has to com-
ply with prescriptive requirements but the choice of a reference
concrete mixture is debatable. According to guidelines used to
apply the equivalent performance concept [20], the reference con-
crete mixtures have to comply with more restrictive requirementsFig. 1. Application principle of equivalent performance concept in the case of
concrete exposed to carbonation [20].
4than those given by the standard for a given exposure class, i.e. in
our case XC1. Principle of equivalent performance concept is
schematized in Fig. 1. RefI, RefII and FA30 mixtures comply with
the prescriptive requirements for the XC3 exposure class, which
are more restrictive than requirement for XC1 class. Thus, they
were used as reference mixtures for the XC1 exposure class.3.4. Estimation of CO2 emissions
The substitution of cement by ﬂy ash aims at reducing environ-
mental impacts of concrete, especially CO2 emissions. Thus, the
CO2 emissions of the studied mixtures were assessed in order to
evaluate the efﬁciency of the substitution of cement. Table 4 gives
the input data. Only the emissions of the production phase, includ-
ing production and transport of the solid constituents, were
calculated. The CO2 emissions due to chemical admixtures were
neglected. The ﬂy ash was considered as an industrial waste. Con-
sequently, the production of ﬂy ash does not release greenhouse
gases and only the transport of ﬂy ash, from its production site
to ready mix concrete factory, was considered. The transport
distance of ﬂy ash was deliberately overestimated (1000 km). The
distances of the other constituents are mean values from data of
the French ready mix concrete association (SNBPE) [3]. The CO2
emissions of the blended cement (CEM II 32.5) were assessed from
its mass fraction of clinker (69%) and the emissions of the Portland
cement (0.7 kg CO2 kg1). The emissions due to ﬂy ash into this
cement were neglected, since the cement plant is near the produc-
tion site of ﬂy ash.
As shown in Table 5, the use of the blended cement is likely to
reduce signiﬁcantly the carbon emission (RefII mixture). The high-
est reduction is obtained, when 50% of cement is substituted by ﬂy
ash (FA50 mixture).4. Experimental results
4.1. Compressive strength
At the age of 2 days, the compressive strengths of all the tested
mixtures are higher than 10 MPa (Table 3). The strength of FA50
mixture is signiﬁcantly higher than the FA50⁄ mixture, whereas
the mix proportions of these two mixtures are almost identical
(the same water/binder ratio, especially).
(a)  
CO2
(b) 
CO2
Fig. 3. (a) Split section of a FA50⁄ mixture disc after 7 days in accelerated
carbonation chamber. (b) Split section of a RefI mixture disc after 7 days in
accelerated carbonation chamber.Firstly, this result may seem paradoxical since the use of an AEA
usually results in concrete with higher porosity. However, it can be
explained by the lower concrete viscosity due to AEA. In fact, the
compaction of a viscous concrete, such as FA50⁄, is difﬁcult and
very likely to be incomplete, although the slump is high. A lack
of compaction induces of course a high air content and low
strength. The effect of the fresh concrete consistency on compres-
sive strength is not taken into account in most of the mix-design
methods. The results of porosity measurements presented hereaf-
ter conﬁrm that the FA50 mixture is not more porous than the
FA50⁄ mixture, despite of AEA content.
At the age of 28 days, the same tendency can be observed. Ex-
cept FA50⁄ mixture, all the tested mixtures are equivalent in terms
of compressive strength.
4.2. Porosity
In Fig. 2, one can notice a systematic inﬂuence of curing on
porosity: after 28 days under water, all mixtures are 10–20% less
porous than the mixtures stored in air after demoulding. The con-
servation under water favours the hydration of cement, especially
at the external layer of the concrete specimen [21,22].
Due to the addition of AEA, the casting of the FA50 mixture was
easier. This mixture is less porous than the FA50⁄ mixture,
although these mixtures have the same mix-proportions. This
result is consistent with results on compressive strength.
The porosity is governed by several parameters, especially ini-
tial porosity (air and initial water content), W/C ratio and degree
of cement hydration. Although RefI, RefII, FA30 and FA50 have dif-
ferent compositions, their porosity is roughly similar. Among these
four mixtures, the highest porosity is observed for the FA30 mix-
ture with high initial water content (182 kg/m3) and high W/C
(0.76). It is worth to note that the FA50 mixture is not the most
porous mixture, despite its very high W/C (0.82) and high air con-
tent due to AEA. The low initial water content of FA50 mixture
compensated the effects of those two parameters.
If porosity is taken as a durability indicator of concrete [23], all
the tested mixtures, except FA50⁄, have showed equivalent
potential durability, since they have approximately the same
porosity, whatever curing conditions.
4.3. Accelerated carbonation
4.3.1. Carbonation of the FA50⁄ mixture
The resistance against carbonation of the FA50⁄ mixture was
found very low. Fig. 3a shows the split sections after the phenol-
phthalein spray: no clear carbonation front appears. In this ﬁgure,
it is seen a damaged section with large air voids. This mixture was16.0 16.0 15.9 16.8 16.3
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5actually badly compacted despite vibration. These results conﬁrm
that the workability of fresh concrete has a signiﬁcant inﬂuence
on long-term behaviour and durability. As a consequence it has
to be taken into account in a performance-based design.
In the case of the other mixtures, carbonation depths were mea-
sured easily with the pH indicator (3b).4.3.2. Inﬂuence of oven-drying before carbonation test
After 14 days at 45 C, carbonation is faster than after 2.5 days
in the oven (Fig. 4). This illustrates the noticeable effect of drying
on the accelerated carbonation kinetics. The diffusion of CO2 is
actually 104 higher in air than in water. Thus the diffusion of CO2
is affected by the liquid water saturation degree: the drier the
porosity, the higher the diffusion [24].
However, the inﬂuence of the mix proportions did not depend
on the duration of the oven-drying before carbonation test. Indeed,
whatever the duration of drying, the FA50 mixture has a higher
carbonation kinetic than the FA30 mixture in the case of the air-
curing. When the mixtures are stored 28 days under water before
tests (water-curing), similar carbonation depths were measured
for the two mixtures, also whatever the prior oven-drying
duration.4.3.3. Inﬂuence of curing mode
The water-curing has a beneﬁcial effect on all the tested mix-
tures (Fig. 5). The carbonation depths are about 20–50% lower in
the case of water-curing than in the case of air-curing (Fig. 6). Note
that the mixtures with the lower clinker contents, i.e. RefII and
FA50, are the most inﬂuenced by water-curing, as observed on
porosity.0
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Among factors inﬂuencing carbonation, two factors are corre-
lated to concrete composition: the total amount of carbonatable
constituents and the diffusion coefﬁcient of CO2 [16,23,24].
 The highest carbonation rates of RefII and FA50 mixtures can be
explained ﬁrst by low contents of carbonatable constituents due91
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6to low clinker content. The content of the main carbonatable
constituent, i.e. Portlandite (CH), were assessed from the Bogue
Formulas and the chemical reactions of the main cement phases
C3S and C2S [25,26]. For a complete cement hydration, the cal-
culated CH content of the FA50 mixture, for example, is about
25% lower, compared to the FA30 mixture (Fig. 7). Of course,
the cement hydration is not complete at the beginning of car-
bonation tests, since the mixtures were tested before the age
of 2 months. Furthermore, the cement hydration at ambient rel-
ative humidity is slowed down by drying and consequently the
production of carbonatable products is lowered [27]. Moreover,
the CH content is likely to be reduced by the pozzolanic reac-
tions due to ﬂy ash, but this has not been conﬁrmed in experi-
mental studies [28,29]. The CH contents of the RefII and FA50
mixtures are found to be the lowest (Fig. 7). Moreover, the most
carbonated mixture, i.e. RefII (completely carbonated after less
than 21 days carbonation test), has the lowest CH content.
 In the case of air-curing, the mixtures porosities are very close.
However, the CO2 diffusion coefﬁcient is not only governed by
the microstructure but also by its liquid water saturation
degree. Fig. 8 illustrates the loss of mass relative to the initial
water mass, at 20 C and ambient RH (air-curing) and then at
45 C (from 28 days). Carbonation depths are rather well corre-
lated to the losses of mass, since the higher the loss of mass, the
faster the carbonation.
The water saturation degree Sl was an average water saturation
degree, because drying occured from the surface to the core on the0
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Fig. 10. Natural carbonation depths measured after 1 year in a room at 20 C and
50–70% RH for ‘‘air-cured’’ and ‘‘water-cured’’ mixtures.discs. However, these calculated values give interesting tendency
(Fig. 9). The RefII mixture was actually found to have the lowest
Sl. Finally, this explains the faster carbonation of RefII mixture,
especially when compared to FA50 mixture, which had slightly
higher amount of CH but signiﬁcantly higher water saturation
degree.4.3.5. Inﬂuence of composition in the case of water-curing
The RefI mixture has the lowest carbonation depths, as ob-
served in the case of air-curing (Fig. 5). This results mainly from
its high CH content (Fig. 7). Unlike in the case of air-curing, RefII,
FA30 and FA50 have however the same carbonation depths, when
conserved 28 days under water. It seems that the differences in CH
contents (calculated values given in Fig. 7) are compensated by the
differences in porosity. For example, the FA50 mixture has a lower
theoretical CH content but lower porosity, when compared to FA30
mixture. In addition, note that these mixtures have rather similar
water saturation degrees (Fig. 9).5. Discussions on the evaluation of concrete durability and on
the equivalent performance concept
Porosity measurements and accelerated carbonation tests are
frequently used to evaluate concrete durability. These two
durability indicators can lead to different conclusions. For example,
the FA50 mixture was more carbonated than the RefI mixture,
although their porosities are somewhat equal, in both cases of
water and air-curing. On the one hand, one can consider that the
porosity values are not enough to characterise correctly the
durability of concrete with very low clinker content. Porosity gives
no information on the content of carbonatable constituents, i.e. one
of the main parameters of carbonation resistance. On the other
hand, accelerated carbonation tests may be too severe for mixtures
with low clinker content. In fact, the drying at 45 C before carbon-
ation test dries the ﬁrst centimetres of the concrete specimens and,
thus, makes the diffusion of CO2 inside concrete porosity much
faster during the test. Thus, the result of an accelerated
carbonation test depends strongly on the content of carbonatable
constituents. This makes accelerated test maybe not enough repre-
sentative of natural carbonation which is also dependent on kinet-
ics of both concrete drying and CO2 diffusion.
Fig. 10 gives natural carbonation depths of cylinders conserved
1 year at 20 C and ambient RH, for air-cured and water-cured mix-
tures. No carbonation could be observed after 1 month in this7ambiance. It is worth noting that, except RefI mixture, the three
other mixtures have the same carbonation depth.
In spite of the questionable validity of accelerated carbonation,
the FA50 mixture can be said equivalent in terms of performances
to the RefII mixture which complies with the prescriptive approach
of EN 206-1 Standard. The accelerated carbonation depth was actu-
ally found higher for the reference mixture, i.e. RefII, in the case of
air-curing. This curing mode, with a demoulding at the age of 24 h,
can be considered as the most representative of the building site.
Consequently, the equivalent performance concept can be applied:
FA50 mixture can be used in replacement of a concrete mixture
complying with the speciﬁcation of the XC1 exposure class. This
mixture was besides tested in a large-scale test, on a construction
site of a multi-storey building. It was used in little reinforced par-
tition walls. On construction site, the mixture was easily cast then
vibrated and the formworks were removed less than 24 h after
concreting.
6. Conclusion
A mix-design method of concrete mixture with a high substitu-
tion level of cement by ﬂy ash was developed. The production of
such mixtures leads to signiﬁcantly less CO2 emissions. The poten-
tial durability of these mixtures incorporating high proportion of
ﬂy ash was assessed through a performance-based approach.
According to the equivalent performance concept, its carbonation
resistance was compared with several concrete mixtures comply-
ing with prescriptive requirements on cement content.
 The used mix-design method made it possible to reach com-
pressive strength at early age higher than 10 MPa, through the
reduction of the water/binder ratio using the Bolomey relation
and experimentally assessed coefﬁcients of activity of ﬂy ash.
 The water-reducing approach is likely to result in a highly vis-
cous mixture and poor compacting ability, and thus lower per-
formances as observed in this study. One solution tested in our
study is the use of air-entraining agent (AEA), in order to reduce
the concentration of solid constituents in the mixture. The so-
obtained mixture with AEA was signiﬁcantly less viscous and
thus more workable and showed higher strength. As the
early-age properties strongly inﬂuence the long-term perfor-
mances, efforts have to be made to improve the behaviour of
concrete at the fresh state.
 As expected, the tested mixtures were less porous and more
resistant to carbonation when water-cured than when air-
cured. However, the inﬂuence of curing was more noticeable
for the mixtures with the lower clinker contents.
 In the case of air-curing, the porosities of all the mixtures were
somewhat similar, although mix proportions and constituents
were different. However, accelerated carbonation depths were
quite different. As shown in our analysis, the result of acceler-
ated carbonation test is not only governed by concrete micro-
structure but also by Portlandite content and water saturation
degree.
 The concrete mixtures complying with the prescriptive require-
ments from EN 206-1 Standard showed signiﬁcantly variable
potential durability in terms of carbonation potential. The
mixture designed with the presented method was found at least
as resistant to accelerated carbonation as the mixture with
blended cement complying prescriptive requirements of stan-
dard for exposure class XC3, used as a reference mixture. Based
on the equivalent performance concept and the guidelines to
apply this concept [20], it was concluded that the designed mix-
ture is suitable to be used on construction site corresponding to
the exposure classes XC1 and XC2.
Differences in carbonation resistance appeared to be much
more important from accelerated tests than from tests in natural
conditions. This questions the validity of the accelerated carbon-
ation test deﬁned in the French standard. As a consequence the
design of accelerated carbonation tests to be used for perfor-
mance-based speciﬁcations should include long-term monitoring
of natural carbonation of concrete and the use of numerical models
coupling hydration, drying and carbonation.Acknowledgements
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